Background--Hyperphosphatemia is a major factor promoting the formation of arterial medial calcification in chronic kidney disease (CKD). However, arterial medial calcification begins to occur during the early stages of CKD, when hyperphosphatemia is not yet apparent. It is predicted that other factors also play a role. The aim of the present study was to determine the role of proinflammatory nuclear factor-jB (NF-jB) signaling in smooth muscle cells (SMCs) for phosphate-induced arterial medial calcification in CKD mice.
A rterial medial calcification, also known as M€ onckeberg's arteriosclerosis, is highly prevalent among patients with chronic kidney disease (CKD) and is associated with an increased risk of cardiovascular disease and mortality. [1] [2] [3] Calcification in the arteries results in increased vessel wall stiffness, decreased compliance, increased pulse-wave velocity, and elevated systolic blood pressure. 3 These alterations in mechanical and hemodynamic properties lead to left ventricular hypertrophy, decreased coronary artery perfusion, and heart failure. 3 Identification of the molecular and cellular mechanisms underlying the formation of arterial medial calcification is, therefore, required to improve the prognosis of CKD patients. Hyperphosphatemia is a major factor promoting the formation of arterial medial calcification. [1] [2] [3] The results of previous studies by our laboratory and others have shown that high phosphate concentration induces the phenotypic switching of vascular smooth muscle cells (SMCs) into osteogenic cells by decreasing the expression of SMC differentiation marker genes, including smooth muscle a-actin (Acta2) and SM22a (Tagln), and by increasing the expression of osteogenic genes, such as Runx2, osteopontin (Spp1), and alkaline phosphatase. 4, 5 In addition, a number of clinical studies have demonstrated that an elevation in serum phosphate levels is significantly related to vascular calcification in end-stage CKD patients. 6, 7 Moreover, the administration of phosphate binders has been shown to attenuate the progression of vascular calcification in CKD patients, 8, 9 as well as in experimental animal models. [10] [11] [12] [13] As such, the results of preceding studies provide compelling evidence that high phosphate concentration is a strong factor in the promotion of arterial medial calcification. However, arterial medial calcification, as well as an increase in cardiovascular mortality, begins to occur during the early stages of CKD, when hyperphosphatemia is not yet apparent. 14, 15 These findings suggest that factors other than high phosphate concentration also contribute to the formation and the progression of arterial medial calcification in CKD.
The nuclear factor-jB (NF-jB) family of transcription factors participates in the inflammatory process in a variety of cells. [16] [17] [18] In resting cells, NF-jB exists in the cytoplasm as an inactive dimer by association with the inhibitory protein, IjB. Upon cell stimulation by inflammatory cytokines, such as tumor necrosis factor-a (TNF) and interleukin-1b, IjB is phosphorylated on specific serine residues, serines 32 and 36, leading to its ubiquitination and consecutive proteasomal degradation. Upon its release from IjB, NF-jB is free to translocate into the nucleus, engage DNA, and initiate the transcription of many genes including cytokines, chemokines, adhesion molecules, and anti-oxidant proteins. The results of previous studies have shown that serum concentrations of inflammatory cytokines, including TNF and interleukin-1b, are elevated in CKD patients. 19, 20 In addition, NF-jB has been
shown to be activated in calcified vessels. 21 These results suggest that NF-jB is a potential therapeutic target for arterial medial calcification in CKD. Indeed, the administration of the anti-oxidant tempol, which is known to inhibit multiple signaling pathways including the NF-jB pathway, ameliorated arterial medial calcification in uremic rats. 22 However, the precise mechanisms, including the cell-autonomous role of NF-jB in SMCs in vivo, remain to be determined. Recently, we generated mice expressing a truncated form of IjB (IjBDN) in a SMC-selective manner by crossing mice expressing Cre recombinase under the control of the Tagln promoter (Tagln-Cre mice) 23 with IjBDN mice 24 on a C57BL/ 6 background, and these mice were designated as SM-IjBDN mice. 24 SM-IjBDN mice contain the IjBDN transgene separated from a universal CAG promoter by a floxed STOP sequence. Following the activation of Cre recombinase in SMCs, they cell-specifically express IjBDN, which lacks its Nterminal 54 amino acids including 2 phosphorylation sites at serines 32 and 36, resulting in the continuous inhibition of NF-jB activation as a super-repressor. Using SM-IjBDN mice, we previously showed that the inhibition of NF-jB signaling within SMCs attenuated neointimal formation following vascular injury. 24 These mice are suitable for investigating the effect of SMC-selective NF-jB inhibition on the development of vascular diseases. However, C57BL/6 mice are calcification-resistant, whereas DBA/2 mice are susceptible to calcification. 25 Thus, we changed the mouse genetic background from C57BL/6 to DBA/2 in the present studies. We then sought to establish a novel mouse model of arterial medial calcification in CKD using DBA/2 mice and to determine whether NF-jB signaling within SMCs contributed to the formation of arterial medial calcification in CKD.
Materials and Methods
The data, analytic methods, and study materials will be made available on request to other researchers for purposes of reproducing the results or replicating the procedure.
Generation of SM-IjBDN Mice
Animal protocols, including the number of animals used, were approved by the Keio University Animal Care and Use Committee, and the procedures followed were in accordance with institutional guidelines. Tagln-Cre mice 23 and IjBDN mice 24 were, respectively, backcrossed more than 8 times to DBA/2 mice (Sankyo Labo Service, Tokyo, Japan 
also used as DBA/2 mice. Genotyping was performed using polymerase chain reaction as described previously.
24,26

Arterial Medial Calcification Model
Female mice were used in the calcification studies, because they have shown higher susceptibility to calcification than male mice. 25 Fourteen-week-old control mice and SM-IjBDN mice were fed a normal phosphorus diet (NPD: 1.0% calcium and 1.0% phosphorus; CLEA Japan, Tokyo, Japan) or a high phosphorus diet (HPD: 1.0% calcium and 2.0% phosphorus, CLEA Japan) ad libitum for 10 weeks. Some of these mice were also fed a diet containing 0.25% adenine (Sigma, St.
Clinical Perspective
What Is New?
• Smooth muscle cell-selective inhibition of nuclear factor-jB signaling reduced high phosphate-induced arterial medial calcification in chronic kidney disease mice.
What Are the Clinical Implications?
• Multiple factors including hyperphosphatemia and nuclear factor-jB activation cooperatively contribute to arterial medial calcification in chronic kidney disease.
• The present study raises a possibility that reagents that selectively inhibit nuclear factor-jB signaling in smooth muscle cells will be a novel candidate for the treatment and prevention of arterial medial calcification in chronic kidney disease.
Louis, MO) for 5 weeks (from 14 to 19 weeks of age) to induce CKD. A subset of the HPD-fed/adenine-fed CKD mice were treated for 10 weeks with one of the following procedures: 3% CaCO 3 in dietary chow, 3 mmol/L tempol (4-hydroxy-TEMPO, Sigma) in drinking water, or intraperitoneal injections of triptolide (70 lg/kg body weight, Sigma) every other day. The tempol-containing water was changed every other day. At the end of the experiment, tissues including the aorta and the heart, as well as blood samples, were collected. Tissues from some mice were directly fixed in 4% paraformaldehyde to obtain whole cardiovascular images using Alizarin red staining, while other tissues were cut into multiple pieces for histology, immunostaining, RNA analysis, and measurement of the calcium content.
Biochemical Parameters
Serum concentrations of urea nitrogen, creatinine, calcium, and inorganic phosphate were measured as described previously. 27, 28 Serum concentrations of cystatin-C and TNF were determined using the mouse cystatin-C ELISA kit (BioVendor, Modrice, Czech Republic) and the Quantikine ELISA mouse TNF immunoassay kit (R&D Systems, Minneapolis, MN), respectively.
Calcium Measurements
The calcium contents in the abdominal aorta were determined using the o-cresolphthalein complexone method, as described previously. 27 
Histology and Immunostaining Studies
The arteries and the hearts for histology and immunostaining were fixed in 4% paraformaldehyde and embedded into OCT compound. The 6-lm cross-sections were prepared and subjected to von Kossa staining, Alizarin red staining, Masson trichrome staining, and immunostaining, as described previously. 4, [26] [27] [28] [29] A morphometric analysis of the thoracic aorta was performed using 3 Alizarin red-stained sections per artery. These sections were located at %10.0 mm proximal to the diaphragm, and each section was located 300 lm apart (ie, at 9700, 10 000, and 10 300 lm proximal to the diaphragm). The calcified areas were measured using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD). Cardiac fibrosis was evaluated semiquantitatively using Masson trichrome-stained samples, as described previously. 29 Immunohistochemistry was performed with antibodies for Acta2 (1A4, Sigma), Tagln (Abcam, Cambridge, MA), p65 (F6, Santa-Cruz Biotechnology, Santa Cruz, CA), and Kr€ uppel-like factor 4 (Klf4). 30 Staining for Acta2 and Tagln was visualized using the Vector Red Alkaline Phosphatase Substrate kit (Vector Laboratories, Burlingame, CA), and the sections were counterstained with hematoxylin. Staining for p65 and Klf4 was visualized using diaminobenzidine, and the sections were counterstained with hematoxylin. Immunofluorescence studies were performed using antibodies for Runx2 (Santa-Cruz Biotechnology) and Spp1 (Abcam), and the sections were counterstained by 4 0 ,6-diamidino-2-phenylindole.
Real-Time Reverse Transcription-Polymerase Chain Reaction
Total RNA prepared from the thoracic aorta was used for realtime reverse transcription-polymerase chain reaction. The primer and probe sequences for Acta2, Tagln, Runx2, Spp1, Klf4, and 18S rRNA have been described previously. 4, 26, 31 Western Blotting
Western blotting was performed, as described previously. 26, 30 Antibodies for IjB (Santa-Cruz Biotechnology) and GAPDH (6C5; Millipore, Billerica, MA) were used.
Cell Cultures
Rat aortic SMCs were cultured as described previously. 4, 27, 31 One day after plating at 10 000 cells/cm 2 , SMCs were incubated in Dulbecco's modified Eagle medium (glucose: 4.5 g/L)/5% fetal bovine serum (Invitrogen, Carlsbad, CA) with normal (0.9 mmol/L) or high (2.7 mmol/L) phosphate concentration in the presence or absence of 10 ng/mL of mouse TNF (R&D Systems) and/or 1 lmol/L of BAY11-7082 (Calbiochem, Darmstadt, Germany) for 8 days. The medium containing the reagents was changed every 2 days. Measurement of the calcium contents, von Kossa staining, RNA analysis, immunoprecipitation assays, and quantitative chromatin immunoprecipitation assays were performed as described previously. 4, 26, 27, 30, 32 Statistical Analyses
Data are presented as the meanAESEM. Statistical analyses were done by SigmaPlot/SigmaStat9 (Systat Software Inc, San Jose, CA). After confirming that the data passed the normality test for parametric analyses, unpaired t test, 1-way factorial ANOVA with a post-hoc Fisher protected least significant difference test, or 2-way factorial ANOVA with a post-hoc Fisher protected least significant difference test were performed. When the data failed to pass the normality test, Kruskal-Wallis nonparametric test was performed, as appropriate. P<0.05 were considered significant.
Results
High Phosphate Induced Arterial Medial Calcification in Adenine-Fed CKD Mice
The results of previous studies showed that high phosphate induced arterial medial calcification in 5/6-nephrectomized CKD mice on a DBA/2 background. 25 We sought to establish another CKD mouse model with arterial medial calcification. An adenine-induced CKD rat model is widely used to study arterial medial calcification. 4,10-13,21,22,27 Thus, we first fed a diet containing 0.75% adenine, the same concentration of adenine as that used in the rat model, to DBA/2 mice to induce CKD. However, all the mice fed the diet containing 0.75% adenine died within 1 week ( Figure 1 ). The concentration of adenine in the diet was adjusted, and we found that a diet containing 0.25% adenine was appropriate for the induction of CKD in DBA/2 mice. DBA/2 mice were divided into 5 groups: (1) mice fed a normal phosphorus diet (NPD), (2) mice fed an NPD containing 0.25% adenine (NPD+Ade), (3) mice fed a high phosphorus diet (HPD), (4) mice fed an HPD containing 0.25% adenine (HPD+Ade), and (5) mice fed an HPD containing 0.25% adenine and 3% CaCO 3 (HPD+Ade+CaCO 3 ). Adenine was given for 5 weeks (from 14 to 19 weeks of age), whereas the NPD or HPD was fed throughout the entire experimental period of 10 weeks (Figure 2A ). The results showed that the body weight was reduced by either the 0.25% adenine or the HPD, compared with the results in the NPD-fed mice. Serum concentrations of urea nitrogen, creatinine, and cystatin-C were elevated in mice fed a diet containing 0.25% adenine ( Figure 2B through 2D). Serum concentrations of calcium decreased in mice fed an adenine-containing diet, although treatment with CaCO 3 restored the calcium concentration ( Figure 2E ). Elevation in serum phosphate concentrations was seen in the HPD+Ade-fed mice ( Figure 2F ).
At the end of the experimental periods, the formation of arterial medial calcification was examined using Alizarin red staining and von Kossa staining ( Figure 3A ). Calcification was not seen in the NPD-fed mice, the NPD+Ade-fed mice, or the HPD-fed mice. However, severe calcification was seen in mice fed the HPD and adenine. Calcification was detectable in the medial layer of various sizes of arteries, including the thoracic aorta, abdominal aorta, carotid arteries, subclavian arteries, renal arteries, and iliac arteries, in the HPD+Ade-fed mice ( Figure 3A through 3C and data not shown) . By contrast, treatment with CaCO 3 decreased the formation of arterial medial calcification in mice fed the HPD and adenine. Indeed, the calcified area in the thoracic aorta, as well as the calcium content in the abdominal aorta, was significantly increased in the HPD+Ade-fed mice, but not in the HPD+Ade+CaCO 3 -fed mice ( Figure 3D and 3E) . Moreover, the expression of SMC differentiation markers, such as Acta2 and Tagln, was decreased in the thoracic aorta of the HPD+Ade-fed mice, whereas it was restored by CaCO 3 treatment ( Figure 4A) . Conversely, the expression of osteogenic markers, including Runx2 and Spp1, was induced in the thoracic aorta of the HPD+Ade-fed mice, whereas it was not induced in the HPD+Ade+CaCO 3 -fed mice. Phenotypic switching of SMCs into osteogenic cells in the HPD+Ade-fed mice was also confirmed at the mRNA level ( Figure 4B through 4E) . In summary, these results demonstrate that arterial medial calcification, as well as the phenotypic switching of SMCs into osteogenic cells, was induced in DBA/2 mice treated with the HPD and adenine, in which hyperphosphatemia and CKD were remarkable.
NF-jB Signaling Was Involved in High PhosphateInduced Arterial Medial Calcification in CKD Mice
Inflammatory cytokines, such as TNF, are known to activate NF-jB signaling and have been shown to be elevated in CKD patients. 16, 19, 20 We sought to determine the role of inflammatory signaling in arterial medial calcification in CKD. First, serum levels of TNF were measured in mice fed the HPD and/or adenine. The results showed that the TNF levels were significantly higher in the HPD+Ade-fed mice, compared with the NPD-fed mice ( Figure 5A ). Tempol and triptolide have been shown to inhibit NF-jB signaling, although they also block other intracellular signaling pathways. The HPD+Ade-fed CKD mice were treated with either 3% tempol in drinking water or intraperitoneal injections of triptolide for 10 weeks. Serum levels of TNF were not reduced by treatment with either tempol or triptolide ( Figure 5A ), suggesting that TNF elevation is not attributed to the activation of NF-jB signaling in the HPD+Ade-fed CKD mice. Indeed, biosynthesis of TNF is under the control of multiple and complex regulatory mechanisms, including gene transcription, mRNA turnover, and translation. 33 Moreover, TNF gene transcription is regulated by multiple factors, such as nuclear factor of activated T cells, Ets, interferonregulating factor, CCAAT/enhancer-binding protein a, as well as NF-jB. TNF levels in the HPD+Ade-fed CKD mice are likely to be induced by NF-jB-independent mechanisms. Of interest, tempol and triptolide both decreased arterial medial calcification in mice fed the HPD and adenine ( Figure 5B and 6). Indeed, treatment with either tempol or triptolide decreased the calcium contents in the abdominal aorta by 75% and 60%, respectively ( Figure 6G ). Moreover, the phenotypic switching of SMCs into osteogenic cells was also blunted by these reagents. These results suggest that NF-jB signaling contributes to high phosphate-induced arterial medial calcification in CKD mice.
Masson trichrome staining was performed in the hearts. The results showed that cardiac fibrosis was induced in the hearts of mice fed the HPD and/or adenine, compared with the NPD-fed mice (Figure 7 ). In addition, treatment with CaCO 3 or NF-jB inhibitors reduced the severity of cardiac Figure 4 . Phenotypic switching of smooth muscle cells into osteogenic cells occurred in the aorta of high phosphorus diet (HPD)-fed mice with chronic kidney disease. DBA/2 mice were fed a normal phosphorus diet (NPD), an NPD containing 0.25% adenine (NPD+Ade), an HPD, an HPD containing 0.25% adenine (HPD+Ade), or an HPD containing 0.25% adenine and 3% CaCO 3 (HPD+Ade+CaCO 3 ). Adenine was administered for 5 wk. The animals were fed the NPD or HPD throughout the entire experimental period of 10 wk. n=5 to 9 per group. A, Expression of Acta2, Tagln, Runx2, and Spp1 in the thoracic aorta was examined by immunohistochemistry and immunofluorescence studies. Staining for Acta2 and Tagln was visualized using the Vector Red Alkaline Phosphatase Substrate kit, and the sections were counterstained with hematoxylin. Runx2 and Spp1 were detected by Alexa-Fluor 594-conjugated secondary antibodies (red), and the sections were counterstained with 4 0 ,6-diamidino-2-phenylindole (blue). Bar: 100 lm. B through E, Expression of Acta2 (B), Tagln (C), Runx2 (D), and Spp1 (E) in the thoracic aorta was determined by real-time reverse transcription-polymerase chain reaction. *P<0.05 compared with NPD-fed mice.
fibrosis in HPD+Ade-fed CKD mice. These results raise a possibility that cardiac phenotype affects the formation of arterial medial calcification in the HPD+Ade-fed CKD mice, although further studies are required to confirm this hypothesis.
Inhibition of NF-jB Within SMCs Attenuated Arterial Medial Calcification in CKD Mice
The cell-autonomous role of NF-jB signaling in SMCs for arterial medial calcification was examined using SM-IjBDN mice, in which the NF-jB activity was inhibited in a SMCselective manner ( Figure 8A ). SM-IjBDN mice on a DBA/2 background were born at the expected Mendelian ratio and were grown to adulthood without exhibiting any differences in visible appearance, compared with controls (data not shown). The body weight (24.6AE1.1 g in SM-IjBDN mice versus 23.7AE0.8 g in control mice), systolic blood pressure (97AE2 mm Hg in SM-IjBDN mice versus 101AE3 mm Hg in control mice), diastolic blood pressure (58AE3 mm Hg in SMIjBDN mice versus 63AE4 mm Hg in control mice), and heart rate (659AE15 beats/min in SM-IjBDN mice versus 616AE23 beats/min in control mice) at 14 weeks of age were similar between SM-IjBDN and control mice (n=8 per group). Overexpression of IjBDN in the aorta, but not in the brain or liver, was confirmed in SM-IjBDN mice ( Figure 8B) . SM-IjBDN mice were fed the HPD and adenine, and the biochemical parameters and the formation of arterial medial calcification were compared with those in HPD+Ade-fed control mice. As shown in Figure 8C , the decrease in body weight was blunted in SM-IjBDN mice, even though they were fed the HPD and adenine. The elevations in serum levels of urea nitrogen, creatinine, and cystatin-C were similar between SM-IjBDN mice and control mice after feeding them the HPD and adenine (Figure 8D through 8F) . Serum concentrations of calcium and phosphate, as well as serum TNF levels, were also not significantly different between SM-IjBDN and control mice ( Figure 8G through 8I) . However, of significant interest, the formation of arterial medial calcification was markedly decreased in SM-IjBDN mice, compared with control mice ( Figure 9A through 9C) . The calcified area in the thoracic aorta was significantly smaller by 87% in SM-IjBDN mice fed the HPD and adenine, compared with the HPD+Ade-fed control mice ( Figure 9B ). The calcium content in the abdominal aorta of SM-IjBDN mice fed the HPD and adenine (9.6 lg/mg protein) was also markedly lower, compared with that in the HPD+Ade-fed control mice (35.3 lg/mg protein) ( Figure 9C ). In addition, phenotypic switching of SMCs into osteogenic cells was attenuated in SM-IjBDN mice (Figure 9D through 9H) . Indeed, the reduction in the expression of Acta2 and Tagln, and the induction in the expression of Runx2 and Spp1, were not obvious in SM-IjBDN mice. Moreover, the expression of p65, a subunit of NF-jB, was detectable in the nuclei of SMCs in the aorta of the HPD+Ade-fed control mice, whereas it was not seen in those of SMIjBDN mice ( Figure 9D ), indicating that NF-jB was selectively inhibited in SMCs in SM-IjBDN mice. The expression of p65 was undetectable in control mice fed the NPD, or the HPD, or adenine (data not shown). These results provide novel evidence that the NF-jB activity within SMCs plays a key role in high phosphate-induced arterial medial calcification in CKD mice.
NF-jB Contributed to High Phosphate-Induced SMC Calcification by Interacting With Klf4
To determine the mechanisms by which the activation of NFjB signaling in SMCs contributes to high phosphate-induced arterial medial calcification and SMC phenotypic switching, cultured rat aortic SMCs were treated with high phosphate and TNF. As shown in Figure 10A , a combination of high phosphate (2.7 mmol/L) and TNF (10 ng/mL) together induced calcification in cultured SMCs. Inhibition of the NF-jB signaling by BAY11-7082 at 1 lmol/L diminished SMC calcification induced by high phosphate and TNF. These results were also confirmed by the measurement of the calcium contents in cultured SMCs ( Figure 10B ). Consistently, treatment with high phosphate and TNF reduced the expression of Acta2, whereas it induced Spp1 expression in cultured SMCs ( Figure 10C and 10D) . These results suggest that Klf4 has been shown to be involved in SMC phenotypic switching and neointimal formation in response to vascular injury. 26 We examined the role of Klf4 in high phosphate and TNF-induced SMC calcification. As shown in Figure 10E , Klf4 expression was induced by treatment with high phosphate and TNF in cultured SMCs. In addition, co-immunoprecipitation assays revealed that Klf4 physically interacted with p65 in cultured SMCs treated with high phosphate and TNF ( Figure 10F ). Moreover, the results of quantitative chromatin immunoprecipitation assays showed that high phosphate and TNF induced the binding of Klf4 with the promoter region of the Acta2 gene, as well as the Spp1 gene, in cultured SMCs ( Figure 11A and 11B) . Furthermore, Klf4 expression was induced in the nuclei of SMCs in the aorta of CKD mice fed the HPD and adenine, whereas it was not detectable in the aorta of SM-IjBDN mice fed the same diet ( Figure 11C ). Taken together, these results suggest that the NF-jB signaling contributes to SMC phenotypic switching and calcification by interacting with Klf4.
Discussion
In the present studies, we demonstrated that the inhibition of NF-jB signaling in SMCs contributed to high phosphateinduced arterial medial calcification in CKD mice. Indeed, by Figure 5 . Nuclear factor-jB inhibitors attenuated arterial medial calcification in high phosphorus diet (HPD)-fed mice with chronic kidney disease. DBA/2 mice were fed a normal phosphorus diet (NPD), an NPD containing 0.25% adenine (NPD+Ade), an HPD, an HPD containing 0.25% adenine (HPD+Ade), or an HPD containing 0.25% adenine and 3% CaCO 3 (HPD+Ade+CaCO 3 ). Adenine was administered for 5 wk. The animals were fed the NPD or HPD throughout the entire experimental period of 10 wk. Some of the mice fed the HPD and adenine were treated with either 3% tempol in drinking water (HPD+Ade+tempol) or intraperitoneal injections of triptolide (HPD+Ade+triptolide) for 10 wk. A, Serum tumor necrosis factor-a (TNF) levels were measured at the end of the experimental period (n=7-9 per group). *P<0.05 compared with NPD-fed mice. B, Formation of arterial medial calcification and expression of smooth muscle cell differentiation markers and osteogenic markers were examined. Top: Alizarin red staining for whole cardiovascular images (n=3 per group). Second and third rows: Alizarin red staining and von Kossa staining in the thoracic aorta are shown (n=5-7 per group). Bar: 200 lm. Fourth to seventh rows: Expression of Acta2, Tagln, Runx2, and Spp1 in the thoracic aorta was examined by immunohistochemistry and immunofluorescence studies (n=5-7 per group). Staining for Acta2 and Tagln was visualized using the Vector Red Alkaline Phosphatase Substrate kit, and the sections were counterstained with hematoxylin. Runx2 and Spp1 were detected by Alexa-Fluor 594-conjugated secondary antibodies (red), and the sections were counterstained with 4 0 ,6-diamidino-2-phenylindole (blue). Bar: 100 lm. Figure 6 . Nuclear factor-jB inhibitors attenuated arterial medial calcification in high phosphorus diet (HPD)-fed mice with chronic kidney disease. DBA/2 mice were fed an HPD containing 0.25% adenine (HPD+Ade). Adenine was administered for 5 wk. The animals were fed the HPD throughout the entire experimental period of 10 wk. Some mice were treated with either 3% tempol in drinking water (HPD+Ade+tempol) or intraperitoneal injections of triptolide (HPD+Ade+triptolide) for 10 wk. n=7 to 9 per group. A through E, Serum levels of urea nitrogen (A), creatinine (B), cystatin-C (C), calcium (D), and phosphate (E) were measured at the end of the experimental period. F, Calcified areas in the thoracic aorta were quantified using Alizarin red-stained samples. G, Calcium contents in the abdominal aorta were measured using the o-cresolphthalein complexone method. H through K, Expression of Acta2 (H), Tagln (I), Runx2 (J), and Spp1 (K) in the thoracic aorta was determined by real-time reverse transcription-polymerase chain reaction. *P<0.05 compared with mice fed the HPD and adenine. using a novel CKD mouse model of arterial medial calcification, we showed that each of the NF-jB inhibitors that were examined, tempol and triptolide, reduced arterial medial calcification in CKD mice fed the HPD. We also showed that phenotypic switching of SMCs into osteogenic cells was attenuated by treatment with the NF-jB inhibitors in these mice. In addition, we showed that the formation of arterial medial calcification, as well as SMC phenotypic switching, in HPD-fed CKD mice was attenuated in SM-IjBDN mice, in which the NF-jB activity was inhibited in a SMC-selective manner. Moreover, we showed that Klf4 expression was induced in aortic SMCs in HPD-fed CKD mice and that NF-jB activation contributed to SMC phenotypic switching and calcification by interacting with Klf4 in cultured SMCs. As such, the results of the present studies provide clear evidence showing that NF-jB activation in SMCs plays a critical role in SMC phenotypic switching and arterial medial calcification in HPD-fed CKD mice.
Most studies reported in the field of arterial medial calcification thus far have been performed using an adeninefed rat model. 4, [10] [11] [12] [13] 21, 22, 27 Unfortunately, this model has limitations in regard to gain-of-function experiments and loss- Figure 7 . Cardiac fibrosis was induced in the hearts of high phosphorus diet (HPD)-fed mice with chronic kidney disease. DBA/2 mice were fed a normal phosphorus diet (NPD), an NPD containing 0.25% adenine (NPD+Ade), an HPD, an HPD containing 0.25% adenine (HPD+Ade), or an HPD containing 0.25% adenine and 3% CaCO 3 (HPD+Ade+CaCO 3 ). Adenine was administered for 5 wk. The animals were fed the NPD or HPD throughout the entire experimental period of 10 wk. Some of the mice fed the HPD and adenine were treated with either 3% tempol in drinking water (HPD+Ade+tempol) or intraperitoneal injections of triptolide (HPD+Ade+triptolide) for 10 wk. A, Cardiac fibrosis was examined using Masson trichrome staining (n=5-7 per group). Bar: 500 lm. B, The levels of cardiac fibrosis were graded. *P<0.05 compared with NPD-fed mice. of-function experiments because of the use of rats, rather than mice. Recently, DBA/2 mice have been found to be a suitable mouse model for the study of arterial medial calcification, whereas C57BL/6 mice, the most popular strain, are calcification-resistant. 25 Indeed, El-Abbadi et al 25 showed that an HPD induced arterial medial calcification in uremic DBA/2 mice, in which CKD was induced by 5/6 nephrectomy. In the present studies, CKD was induced by feeding the animals a low concentration of adenine in their diet. Compared with 5/6 nephrectomy, the adenine-feeding procedure has an advantage, in terms of its simplicity and the consistency of its effect on the impairment of renal function. Although we showed that the SMC-selective inhibition of NF-jB reduced HPD-induced arterial medial calcification in adenine-fed CKD mice in the present studies, it is expected that multiple signaling pathways and factors, such as the RANK-RANKL system, advanced Figure 9 . Nuclear factor-jB (NF-jB) inhibition in smooth muscle cells reduced arterial medial calcification in high phosphorus diet (HPD)-fed mice with chronic kidney disease. SM-IjBDN and control mice were fed an HPD containing 0.25% adenine (HPD+Ade). Adenine was administered for 5 wk. The animals were fed the HPD throughout the entire experimental period of 10 wk. A, Formation of arterial medial calcification was examined. Top: Alizarin red staining for whole cardiovascular images (n=3 per group). Middle and bottom: Alizarin red staining and von Kossa staining in the thoracic aorta are shown (n=5-6 per group). Bar: 200 lm. B, Calcified areas in the thoracic aorta were quantified using Alizarin red-stained samples (n=5-6 per group). C, Calcium contents in the abdominal aorta were measured using the o-cresolphthalein complexone method (n=5-6 per group). D, Expression of Acta2, Tagln, Runx2, Spp1, and NF-jB (p65) in the thoracic aorta was examined by immunohistochemistry and immunofluorescence studies (n=5-6 per group). Staining for Acta2 and Tagln was visualized using the Vector Red Alkaline Phosphatase Substrate kit, and the sections were counterstained with hematoxylin. Runx2 and Spp1 were detected by Alexa-Fluor 594-conjugated secondary antibodies (red), and the sections were counterstained with 4 0 ,6-diamidino-2-phenylindole (blue). Staining for p65 was visualized using diaminobenzidine, and the sections were counterstained with hematoxylin. Bar: 100 lm. E through H, Expression of Acta2 (E), Tagln (F), Runx2 (G), and Spp1 (H) in the thoracic aorta was determined by real-time reverse transcription-polymerase chain reaction. *P<0.05 compared with control mice fed the HPD and adenine. Ct indicates control. Figure 10 . NF-jB contributed to high phosphate-induced smooth muscle cell (SMC) calcification by interacting with Kr€ uppel-like factor (Klf4). A through E, Cultured rat aortic SMCs were incubated with normal (NP: 0.9 mmol/L) or high (HP: 2.7 mmol/L) phosphate concentration in the presence or absence of 10 ng/mL of tumor necrosis factor-a (TNF) and/or 1 lmol/L of BAY11-7082 for 8 d (n=4). A representative picture of von Kossa staining is shown (A). Calcium contents were measured using the o-cresolphthalein complexone method (B). Expression of Acta2 (C), Spp1 (D), and Klf4 (E) was determined by real-time RT-PCR. *P<0.05 compared with SMCs incubated with normal phosphate concentration. F, Physical interaction between p65 and Klf4 was examined by co-immunoprecipitation assays. Cultured rat aortic SMCs were incubated with normal or high phosphate concentration in the presence or absence of 10 ng/mL of TNF for 48 h (n=4). Expression of Klf4, p65, and phospho-p65 was examined by Western blotting. Cell lysates from rat aortic SMCs were immunoprecipitated (IP) with anti-Klf4 antibody or anti-phospho-p65 antibody and were immunoblotted (IB) with anti-Klf4 antibody or antiphospho-p65 antibody. Ct indicates control; RT-PCR, reverse transcription-polymerase chain reaction. glycation end products, and fetuin-A, also affect arterial medial calcification in CKD. [1] [2] [3] It would be interesting to determine whether these factors contribute to HPD-induced arterial medial calcification in CKD using the mouse model system developed in the present studies. Because NF-jB has been considered to be a potential therapeutic target of multiple vascular diseases, several studies have been performed to examine the effects of NF-jB inhibition on arterial medial calcification in CKD. Zhao et al 34 showed that siRNA-induced knockdown of p65 reduced b-glycerophosphate-induced SMC calcification in cultured bovine aortic SMCs. In addition, they showed that a superoxide dismutase mimic, MnTMPyP, inhibited the activation of NF-jB and attenuated arterial medial calcification in adenine-fed CKD rats. The results of subsequent studies by their group also showed that adenovirus-mediated overexpression of IjB in the aorta blunted arterial medial calcification in adenine-fed CKD rats. 21 Moreover, Yamada et al 22 showed that tempol ameliorated arterial medial calcification in uremic rats. Because they used tempol as an inhibitor of oxidative stress, they showed that the expression of oxidative stress markers, 8-hydroxy-2 0 -deoxyguanosine and 4-hydroxy-2-nonenal, was decreased by tempol in CKD rats, but they did not examine the NF-jB activity. Although the results of these studies suggest that NF-jB Figure 11 . Kr€ uppel-like factor 4 (Klf4) was involved in the nuclear factor-jB-mediated inhibition of smooth muscle cell (SMC) phenotypic switching and calcification. A and B, Cultured rat aortic SMCs were incubated with normal (NP: 0.9 mmol/L) or high (HP: 2.7 mmol/L) phosphate concentration in the presence or absence of 10 ng/mL of tumor necrosis factor-a (TNF) and/or 1 lmol/L of BAY11-7082 for 48 h (n=4). Association of Klf4 with the Acta2 promoter (A) and the Spp1 promoter (B) was determined by chromatin immunoprecipitation assays. *P<0.05 compared with SMCs incubated with normal phosphate concentration. C, Klf4 expression in mice fed a normal phosphorus diet (NPD), an NPD and adenine, a high phosphorus diet (HPD), or an HPD and adenine, as well as in SM-IjBDN mice fed an HPD and adenine, was determined by immunohistochemistry. Staining for Klf4 was visualized using diaminobenzidine, and the sections were counterstained with hematoxylin. Bar: 100 lm. Ade indicates adenine; Ct, control.
inhibition is a potent therapeutic approach for arterial medial calcification, the target cell types were unclear because of the global inhibition of NF-jB activity in these studies. 21, 22, 34 It is possible that paracrine factors secreted by endothelial cells and/or monocytes/macrophages affect the characteristics of SMCs. In this regard, the results of the present studies provide compelling evidence that NF-jB activation within SMCs is critical for HPD-induced SMC phenotypic switching and arterial medial calcification in CKD. The NF-jB activity in SMCs would be a great therapeutic target for arterial medial calcification. The results of the present studies showed that Klf4 was involved in NF-jB-induced SMC phenotypic switching and calcification. Indeed, treatment with high phosphate and TNF induced the expression of Klf4 in cultured SMCs, concomitant with the phosphorylation of p65, a NF-jB component. In addition, phosphorylated p65 and Klf4 physically interacted with each other, as demonstrated by co-immunoprecipitation assays using endogenous proteins. Moreover, Klf4 binding to the promoter region of the Acta2 gene and the Spp1 gene was enhanced in response to high phosphate and TNF, as determined by quantitative chromatin immunoprecipitation assays. Furthermore, Klf4 expression was induced in the aorta in HPD-fed CKD mice, but not in HPD-fed SM-IjBDN mice. These results suggest that Klf4 contributes to the phenotypic switching of differentiated SMCs into calcifying SMCs by cooperating with p65. Consistently, the results of our previous studies showed that siRNA-induced knockdown of Klf4 attenuated high phosphate-induced SMC calcification in cultured SMCs. 4 It is likely that NF-jB and Klf4 cooperatively induce SMC phenotypic switching and calcification in response to inflammatory cues. Recently, multiple Klf factors have also been shown to interact with NF-jB. Klf11 was shown to inhibit TNF-induced expression of cell adhesion molecules by interacting with p65 in vascular endothelial cells. 35 Klf6 was identified as a co-activator of NF-jB that mediated p65-dependent transcription of downstream genes in HEK293 cells. 36 As such, Klf family members, including Klf4, play an important role in modulating inflammatory signals by directly interacting with NF-jB. In summary, we provide novel evidence that NF-jB activation in SMCs plays a key role in high phosphate-induced arterial medial calcification in mice with CKD. Further studies are needed to develop novel reagents that selectively inhibit NF-jB signaling in SMCs for the treatment and prevention of arterial medial calcification in CKD.
